Abstract Atrial fibrillation (AF) is the most common cardiac rhythm disorder at the clinical setting and accounts for up to 15% of all strokes. Recent genome-wide association studies (GWAS) identified two single nucleotide polymorphisms (SNPs), rs2106261 and rs7193343 in ZFHX3 (zinc finger homeobox 3 gene) and rs13376333 in KCNN3 (encoding a potassium intermediate/small conductance calcium-activated channel, subfamily N, member 3) that showed significant association with AF in multiple populations of European ancestry. Here, we studied a Chinese Han, GeneID cohort consisting of 650 AF patients and 1,447 non-AF controls to test whether the GWAS findings on ZFHX3/KCNN3 and AF can be expanded to a different ethnic population. No significant association was detected for rs7193343 in ZFHX3 and rs13376333 in KCNN3. However, significant association was identified between rs2106261 in ZFHX3 and AF in the GeneID population for both allelic frequencies (P = 0.001 after adjusting for covariates of age, gender, hypertension, coronary artery disease, and diabetes mellitus; OR = 1.32), and genotypic frequencies assuming either an additive or recessive model (OR = 1.29, P = 0.001 and OR = 1.77, P = 0.00018, respectively). When only lone AF cases were analyzed, the association remained significant (OR = 1.50, P = 0.001 for allelic association; OR = 1.45, P = 0.001 for an additive model; OR = 2.24, P = 0.000043 for a recessive model). Our results indicate that rs2106261 in ZFHX3 confers a significant risk of AF in a Chinese Han population. The study expands the association between ZFHX3 and AF to a non-European ancestry population and provides the first evidence of a cross-race susceptibility of the 16q22 AF locus.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia at the clinical setting, and accounts for approximately one-third of hospitalizations for cardiac rhythm disturbance (Go et al. 2001) . AF has an estimated prevalence rate of 0.4-1.0% in the general population, which increases with age (Feinberg et al. 1995; Fuster et al. 2006) . Because AF increases susceptibility to develop stroke, especially ischemic stroke, it is an important risk factor for morbidity and mortality in China and the rest of world (Hu and Sun 2008; Shi et al. 2009; Roberts and Gollob 2010) .
AF is frequently observed as a complication of hypertension, valvular heart disease, coronary artery disease (CAD), hyperthyroidism, heart failure, and structural heart diseases (Fuster et al. 2006) . Some AF cases occur in the absence of clinical or echocardiographic evidence of hypertension, hyperthyroidism, diabetes, CAD, cardiomyopathies, valvulopathies, or other types of cardiac diseases, and are referred to as lone AF (Fuster et al. 2006) . AF can be classified into paroxysmal AF (recurrent AF episodes selfterminating in \7 days), persistent AF ([7 days) and permanent AF (ongoing long-term AF episodes) (Marrouche et al. 2003) .
Genetic factors play an important role in the pathogenesis of AF. AF has been found to occur in large families (monogenic AF) and can be inherited in either an autosomal dominant model or an autosomal recessive (Oberti et al. 2004) . Several genetic loci have been identified for monogenetic AF, including loci on chromosome 1q21, 3p21, 11p15. 5, 12p13, 21q22, 17q23-q24, 7q35-36, 5p13, 6q14-16 , and 10q22-q24 (Tsai et al. 2008b) . At these loci, several AF genes have been identified and they include cardiac sodium channel subunit genes SCN5A, SCN1B, SCN2B, and SCN3B, potassium channel genes KCNQ1, KCNE2, KCNJ2, KCNA5, and KCNH2, as well as NPPA and NUP155 (Chen et al. 2003; Sebillon et al. 2003; Yang et al. 2004; Hong et al. 2005; Olson et al. 2005 Olson et al. , 2006 Xia et al. 2005; Hodgson-Zingman et al. 2008; Wang 2008; Zhang et al. 2008; Wang et al. 2010; Ren et al. 2010) . Most of these genes encode subunits of ion channels, but interestingly NPPA and NUP155 do not code for ion channels, instead encode natriuretic peptide precursor A and a nuclear pore complex protein, nucleoporin 155 (HodgsonZingman et al. 2008; Zhang et al. 2008) , indicating that non-ion channel genes are critical to the pathogenesis of AF.
The majority of AF cases belong to common complex AF resulting from the interaction among genetic and environmental factors (Wang 2008) . Recent genome-wide association studies (GWAS) have revealed several genetic loci for common complex AF. The first GWAS for AF identified a common single nucleotide polymorphism (SNP rs2200733) on chromosome 4q25 that was associated with AF in several populations of European ancestry, a Hong Kong Chinese population, and a mainland Chinese Han population (Gudbjartsson et al. 2007; Viviani Anselmi et al. 2008; Kääb et al. 2009; Shi et al. 2009 ). Then, two independent GWAS revealed two SNPs in the ZFHX3 gene on chromosome 16q22 that were associated with AF in various populations of European ancestry. Benjamin et al. (2009) found that ZFHX3 SNP rs2106261 was associated with AF, whereas Gudbjartsson et al. (2009) identified a different SNP in ZFHX3, rs7193343 that was associated with AF in the Icelandic population. Gudbjartsson et al. (2009) also assessed the association between ZFHX3 SNP rs7193343 with AF in a small Hong Kong Chinese cohort, but found no association with AF in this population (P = 0.63). These results raise the question whether the association between ZFHX3 SNPs and AF is restricted to the populations of European ancestry, and made further studies on this finding necessary. One very recent GWAS identified significant association between AF and SNP rs13376333 in KCNN3 encoding a potassium intermediate/ small conductance calcium-activated channel (subfamily N, member 3) in European ancestry cohorts (Ellinor et al. 2010 ), but it is unknown whether the same SNP confers risk of AF in a non-European ancestry population. We therefore carried out a large-scale case-control association study with 650 AF patients and 1,447 non-AF controls in a Chinese Han GeneID population to examine whether the two ZFHX3 SNPs (rs2106261 and rs7193343) and rs13376333 in KCNN3 are associated with AF in a nonEuropean ancestry population. SNP rs2106261, but not rs7193343 and rs13376333, was associated with AF in the Chinese Han population.
Methods

Study subjects
The AF patients were selected from the Chinese GeneID database with a large number of study participants with various cardiovascular diseases enrolled from mainland China. This study was approved by the local Ethics Committees and informed consent was obtained from all participants. The Chinese GeneID database has been created for identification of genes for cardiovascular diseases including AF, CAD, stroke and essential hypertension. For AF, study subjects were recruited among individuals who underwent treatment with ablation procedures and electrophysiological examinations from multiple hospitals in Central China and Northern China covering six Provinces. All study participants are of the ethnic Han origin by self-report. Patients with other types of cardiac arrhythmias, hyperthyroidism, cardiomyopathies and valvulopathies were excluded. Evaluation of AF was carried out by expert cardiologists and based on the standard diagnostic criteria according to ACC/ AHA/ESC 2006 guidelines for the management of patients with AF (Fuster et al. 2006) . Clinical examinations were carried out using rest electrocardiograms (ECG), and sometimes aided with bedside telemetry or ambulatory Holter ECG recordings. Relevant data were also collected by direct interviews or from medical files on age, gender, and history of hypertension, diabetes, CAD, stroke, and hyperthyroidism. AF patients over 75 years old were excluded from this study. Hypertension was defined as a clinical blood pressure of C140/90 mmHg or history of medication. Individuals with a coronary stenosis of C70%, percutaneous coronary angioplasty, coronary artery bypass graft, or myocardial infarction were classified as CAD patients. Diabetes mellitus was diagnosed by a fasting blood glucose level of C7 mmol/L. Diagnosis of stroke was based on medical history, neurological examinations, CT or MRI according to the World Health Organization (WHO) criteria (Goldstein et al. 1989) . Echocardiography was preformed for AF patients to exclude cardiomyopathies and valvulopathies. The patients were also examined for thyroid abnormalities by physical examinations, and thyroid function testing was preformed if hyperthyroidism was suspected. AF patients without hypertension, CAD, hyperthyroidism, cardiomyopathies, valvulopathies, or other types of cardiac diseases were classified as lone AF (Fuster et al. 2006) .
The controls were unrelated healthy Han individuals who were verified to be free of AF based on ECG or medical files at the time of enrollment. The controls were ascertained from individuals who underwent annual physical exams with or without any disease. Similar to cases, the controls were recruited without consideration of the presence or absence of hypertension, diabetes, CAD, and stroke, but those with other types of cardiac arrhythmias, hyperthyroidism, cardiomyopathies and valvulopathies were excluded. To minimize the effect of population substructure, the cases were matched with controls from the same geographical areas.
SNP genotyping
Blood samples were drawn from study participants and used for isolation of genomic DNA using the Wizard Ò Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol.
SNPs were genotyped using a Rotor-Gene TM 6000 High Resolution Melt system (Corbett Life Science, Concorde, NSW, Australia). Genotyping was performed in 25 lL of standard PCR volume containing 1 lL of LC Green dye, 5 pmol of each primer, 25 ng of genomic DNA, 2.5 lL of 109 PCR buffer with 1.5 mmol/L MgCl 2 , 5 mmol deoxynucleotide triphosphates and 1 U of Taq polymerase. Two positive controls for each genotype (A/A, A/G and G/G) were included in each run. In order to verify the genotyping results, we randomly selected 50 cases and controls for direct DNA sequence analysis. DNA sequence analysis was performed using the BigDye Ò Terminator v3.1 Cycle Sequencing Kits on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The sequencing result for the 50 samples perfectly matched that by the HRM method.
Statistical analysis
We used PLINK1.06 to assess allelic and genotypic associations as well as Hardy-Weinberg equilibrium (HWE). Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using the v 2 test (PLINK1.06 or SPSS, version 13.0). When the samples were stratified, Breslow-Day tests were performed to analyze the homogeneity between ORs from each sub-group (SPSS, version 13.0). Multivariable logistic regression analysis was carried out using SAS version 9.0 (SAS Institute, Inc). Empirical P values were determined using the PLINK v1.06 program with 100,000 Monte Carlo simulations.
Power analysis was carried out using Power and Sample Size Program 3.0 or nQuery Advisor 7.0 assuming an alpha value of 0.05, a two-sided test, ORs from published reports, and minor allele frequencies for the Chinese population from the HapMap database (http://www.hapmap.org, phase 2, HapMap-HCB). The T allele of SNP rs7193343 was associated with risk of AF in populations of European ancestry (Gudbjartsson et al. 2009 ). Based on a frequency of 68.2% for the T allele in the Chinese population from the HapMap database (http://www.hapmap.org, phase 2, HapMap-HCB) and ORs of 1.21 from the Gudbjartsson et al. (2009) studies, the power to detect a significant association between rs7193343 and AF in our GeneID population was 78%. Benjamin et al. (2009) revealed significant association between the minor allele A of SNP rs2106261 and AF in populations of European ancestry. Assuming an OR of 1.44 from Benjamin et al. (2009) study and a risk allele frequency of 36.7% for the Chinese population from the HapMap database, the power to detect a significant association between rs2106261 and AF in our GeneID population was 99%. For SNP rs13376333 in KCNN3, our population has a power of 74% to detect the association with AF assuming a previously reported OR of 1.56 and a minor allele frequency of 0.033 in the Chinese population (http://www.hapmap.org, phase 2, HapMap-HCB).
Results
In order to test whether SNPs in the ZFHX3 gene are associated with AF in a non-European ancestry population,
we carried out a case-control association study with a large cohort of samples from 650 Chinese Han AF patients and 1,447 non-AF controls. The general and clinical characteristics of the study population are summarized in Table 1 . The average age for AF cases and controls was 58.4 ± 15.9 and 59.7 ± 12.2 years, respectively, but the difference was not statistically significant (Table 1 ). In the AF group, 27.7% of cases qualified to be lone AF cases. A majority of AF cases (64%) were classified as paroxysmal AF, and 32.5 and 3.5% were persistent AF and permanent AF, respectively (Table 1) . As expected, known risk factors for AF, including hypertension, CAD, and diabetes, were more prevalent in the AF group than in the control group (Table 1 ). The prevalence rate of hypertension, CAD, and diabetes in controls was low. The rate of ischemic stroke in the AF group (14.2%) was much higher than that in the control group (0.3%) (P \ 0.01). The distribution of three genotypes for SNPs rs2106261, rs7193343, and rs13376333 was in Hardy-Weinberg equilibrium in the control group (P [ 0.05) ( Table 2 ). Highly significant allelic association was identified between SNP rs2106261 and AF (P obs = 6.67 9 10 -5 , OR = 1.32, 95% CI of 1.15-1.51) ( Table 2 ). The association remained significant after adjusting for covariates of age, gender, CAD, hypertension and diabetes mellitus (P adj = 0.001, Table 2 ). Similarly, highly significant genotypic association was also found between SNP rs2106261 and AF assuming either an additive or recessive model (P obs = 0.0001 and 4.53 9 10 -5 , respectively) ( Table 3 ). The genotypic association remained significant after adjusting for covariates of age, gender, CAD, hypertension and diabetes mellitus (P adj = 0.001 and 1.81 9 10 -4 , respectively; Table 3 ).
In the AF group, a total of 180 patients were classified as lone AF. Significant allelic and genotypic association was detected for SNP rs2106261 and lone AF (P obs = 3.5 9 10 -4 , OR = 1.50 for allelic frequencies, 1.1 9 10 -5 for a recessive model, and 6.2 9 10 -5 for an additive model) (Tables 2, 3 ). Both allelic and genotypic associations remained significant after adjusting for covariates of age, gender, CAD, hypertension and diabetes mellitus (P adj = 0.001, 4.34 9 10 -5 , and 0.001, respectively; Tables 2, 3) . No significant allelic association was identified for other AF (total AF -lone AF), but significant genotypic association was identified under an additive or recessive model (Tables 2, 3 ). Breslow-Day tests did not find a significant difference between the OR for lone AF (1.50) and the other AF (1.22) (P = 0.19).
There was no significant allelic or genotypic association between SNP rs7193343 and AF (Tables 2, 3) , which is consistent with the result in the Hong Kong AF cohort reported by Gudbjartsson et al. (2009) . SNP rs13376333 in KCNN3 did not show significant allelic or genotypic association with AF either (Tables 2, 3 ).
Discussion
In this study, we show that intronic SNP rs2106261 in the ZFHX3 gene on chromosome 16q22 is associated with AF in a non-European ancestry population. We carried out a case-control association study involving 650 Chinese AF patients and 1,447 non-AF controls, all from a large Chinese GeneID population of Han ethnic descent. Highly significant allelic association was identified with an OR of 1.32 (P adj = 0.001) ( Table 2) . Similarly, genotypic association was also significant with an additive model (P adj = 0.001) and a recessive model (P adj = 1.81 9 10 -4 ) ( Table 3) . These results expand the association between ZFHX3 variant and AF beyond European ancestry populations.
In a 2009 GWAS, Gudbjartsson et al. (2009) identified the association between ZFHX3 SNP rs7193343 and AF in several European ancestry populations, and further assessed its association with AF in a Hong Kong-based Chinese population. No significant association was identified (Gudbjartsson et al. 2009 ). In this study, we also failed to find any association between rs7193343 and AF. On the other hand, although both SNPs rs7193343 and rs2106261 are located in the same intron, intron 1 of ZFHX3, association of rs2106261 with AF was highly significant in this Chinese GeneID study. These results highlight the importance of analyzing multiple SNPs in the same gene or genomic region in replication studies, in particular in a different ethnic population.
We constructed a LD map for a 160 kb genomic region involving intron 1 of the ZFHX3 gene and two SNPs Age age-at-onset of AF for cases and age at the enrollment for controls, P* derived from an unpaired Student's t test or Pearson's chisquare test, SD standard deviation, CAD coronary artery disease, T2DM type 2 diabetes mellitus rs2106261 and rs7193343 using the genotyping data for the Chinese samples from the HapMap database (http://www. hapmap.org, phase 2, HapMap-HCB) (Fig. 1) . Although rs2106261 and rs7193343 were 22 kb apart, the LD correlation between two SNPs was weak, and r 2 was 0.26 (Fig. 1) . The r 2 predicted from the HapMap data on individuals of European ancestry (http://www.hapmap.org, phase 2, HapMap-CEU) was 0.77. Thus, it is reasonable to predict that the causative SNP(s) for AF at the 16q22 locus may be tagged with both rs2106261 and rs7193343 in populations of European ancestry, but with rs2106261 only in the Chinese Han population. In the populations of European ancestry, the minor allele T of rs7193343 was the risk allele for AF and had a frequency of about 15%. In contrast, the frequency of rs7193343 T allele in the Chinese GeneID population was 68%, representing the common allele. The dramatic difference of allele frequencies between the populations of European ancestry and Chinese populations may be a cause for lack of association between rs7193343 and AF in the Chinese cohorts.
In this study, we also tested the association between ZFHX3 SNP rs2106261 and lone AF. Significant allelic association was identified for lone AF with an OR of 1.50 (P adj = 0.001). The OR for lone AF was higher than that for other AF, 1.50 versus 1.22, but the difference was not statistically significant. This finding is in drastic contrast to the results we recently reported for SNP rs2200733 on chromosome 4q25 (Shi et al. 2009 ). The chromosome 4q25 was the first locus identified by GWAS for AF, and we recently showed that the OR for association of rs2200733 with lone AF was significantly higher than the OR for other AF, 2.40 versus 1.59 (P = 0.022) (Shi et al. 2009 ). These results suggest that some AF loci (e.g., 4q25 locus) play a more important role in lone AF than other AF, whereas other AF loci (e.g., 16q22 locus in this study) play an equally important role in both lone AF and other AF.
The molecular mechanism by which intronic SNP rs2106261 of ZFHX3 confers risk of AF is unknown. Because rs2106261 is located in intron 1, one possibility is that it affects the expression level of ZFHX3 by modulating regulation of ZFHX3 transcription or pre-mRNA splicing because such regulatory roles have been found for intronic sequences (Greenwood and Kelsoe 2003) . The ZFHX3 gene encodes a widely expressed transcription factor. ZFHX3 was found to be a regulatory factor for STAT3-mediated signal transduction (Nojiri et al. 2004) . Tsai et al. suggested that activation of the angiotensin II/Rac1/STAT signaling transduction pathway may contribute to the structural and inflammatory changes associated with AF (Tsai et al. 2008a ). Therefore, we hypothesize that ZFHX3 variant may increase risk of AF by affecting the JAK/STAT signaling, but future investigations are needed to test this hypothesis.
There are several limitations for this study. One limitation is that this is the first time that SNP rs2106261 was found to be associated with AF in the Chinese Han population, therefore, the finding needs to be further replicated in additional independent Chinese Han populations. Second, the rate of lone AF cases in the population under this study has reached 27.7%, which may reflect the selection bias of ascertaining AF from individuals who underwent treatment with ablation procedures and electrophysiological A P value of 0.0055 was considered significant after Bonferroni correction for 9 multiple tests (3 SNPs 9 3 subgroups of AF)
Hum Genet (2011) 129:239-246 243 examinations. Third, the mean age of the AF patients was 58.4 ± 15.9 years, which was younger than the mean age of typical AF in the community. Fourth, the control group was selected from individuals undergoing annual physical exams, and appeared to be very healthy as the prevalence of hypertension, CAD, stroke, and diabetes mellitus was low. This may cause selection bias for the control group. Fifth, the findings in this study may not be generalized to other Chinese ethnicities or to the AF in the general community due to selection or referral bias. Moreover, the significant SNP rs2106261 associated with AF may not be causal, and the functional relation between the genomic region and AF is unknown. A very recent GWAS identified association between SNP rs13376333 in KCNN3 on chromosome 1q21 and lone AF in populations of European ancestry (Ellinor et al. 2010) . We assessed this association using the same GeneID samples under this study, but did not find significant (Tables 2, 3 ). The lack of association between SNP rs13376333 in KCNN3 and AF may be due to the very low, 3% minor allele frequency of the SNP in the Chinese population and the small sample size, although the cohort under this study has a power of 74%.
In conclusion, we found that the A allele of SNP rs2106261 of the ZFHX3 gene on chromosome 16q22 confers a highly significant risk of AF in the Chinese GeneID population. The results expand the association of ZFHX3 SNPs with AF previously identified in multiple cohorts of European descent to a non-European ancestry population and provide the first piece of evidence of a cross-race susceptibility of the 16q22 locus to AF. Fig. 1 
